We consider the signatures of a population of primordial black holes (PBHs) in future observations of 21cm radiation from neutral hydrogen at high redshift. We focus on PBHs in the mass range 5 × 10 10 kg MPBH 10 14 kg, which primarily influence the intergalactic medium (IGM) by heating from direct Hawking radiation. Our computation takes into account the black hole graybody factors and the detailed energy dependence of photon and e ± absorption by the IGM. We find that for black holes with initial masses between 5 × 10 11 kg MPBH 10 14 kg, the signal mimics that of a decaying dark matter species. For black holes in the range 5 × 10 10 kg MPBH 5 × 10 11 kg, the late stages of evaporation produce a characteristic feature in the 21cm brightness temperature that provides a unique signature of the black hole population. If no signal is observed, then 21cm observations will provide significantly better constraints on PBHs in the mass range 5 × 10 10 kg MPBH 10 12 kg than are currently available from the diffuse γ-ray background.
eV, and so little heating per hydrogen atom is necessary to significantly change the thermal history of the IGM and influence the 21 cm signal. By contrast, the CMB is mainly sensitive to the Dark Age IGM thermal history through the effects of IGM heating on the ionized fraction, which affects the optical depth to the last scattering surface τ LSS . The CMB is therefore less sensitive to IGM heating, since the energy required to ionize HI is much larger than the typical T K over the redshift range of interest. Furthermore, changes in the CMB TT power spectrum due to τ LSS are degenerate with changes due to the scalar spectral index n s (though measurements of the TE power spectrum can break this degeneracy). The projected sensitivity of 21cm emission to the IGM thermal history has been exploited to show that the 21cm signal can provide much more stringent constraints on a population of long-lived, decaying particles than is available with CMB data [5] .
Primordial black holes (PBHs) are an excellent exotic physics target for 21cm observations because the mechanisms by which they heat the IGM are under tight theoretical control. In this work, we compute the effects of a population of PBHs with masses between 10 10 and 10 15 kg on 21cm observables, including the sky-averaged brightness temperature and the fluctuation power spectrum. We also obtain predictions for the relic photon density from the population of PBHs. We take into account the details of photon and e ± emission by PBHs and the energy-dependent absorption properties of the IGM. We find that future 21cm observations can provide better constraints on PBHs than are currently available. The techniques and computer code we develop can be easily modified to study other exotic physics scenarios in the Dark Ages, such as dark matter annihilation and decay, if the precise energy spectrum of photons and e ± pairs produced by the exotic physics mechanism is known.
The effect of PBHs on the IGM is strongly dependent on the PBH mass. Very massive PBHs would accrete matter in accretion disks and thereby emit x-rays; this scenario is explored in [6] . We focus our present discussion on low-mass PBHs that would primarily affect the IGM through the Hawking radiation [7, 8] of light particles: primarily photons and e ± pairs, and heavier particles (and their decay products) for the smallest holes. The total power emission by black holes through these channels has been known for some time as a function of the black hole mass [9] . Due to a coincidence between the Hawking temperature of PBHs that evaporate during the Dark Ages and a window of low optical thickness of the IGM to photon absorption, it is vitally important to know the spectrum of photons produced by the PBHs. The radiated photons have energies such that the probability of absorption by the IGM, and thus their effectiveness in heating it, is strongly dependent on the photon wavelength. The emission rates as a function of photon energy are given by the black hole "graybody factors," which have been calculated. The graybody factors arise because black holes should not radiate with a blackbody spectrum, even though they act as warm bodies with a specific temperature. In the end, all that is needed to completely characterize the PBH population is the total density parameter Ω PBH and the mass of the individual black holes M PBH . By comparison, while in principle it is possible to calculate the spectrum of photons (and other particles) produced in dark matter decay or annihilation, in practice this dependence is subsumed in an overall energy deposition rate per baryon ǫ. There is then a model-dependent conversion between ǫ and quantities such as the density parameter and lifetime of the relevant particle species. For PBHs, the energy deposition rate is uniquely determined once the mass of the black holes is specified.
We obtain our predictions as follows. We numerically integrate the equations governing IGM ionization and temperature, including exotic sources of energy injection. We use a modified version of the RECFAST [10] code at high redshift for increased accuracy, and a simpler set of IGM evolution equations at lower redshifts. The energy injection itself is computed by using the graybody factors for Hawking emission and the optical depths for a variety of IGM photon and e ± absorption processes. Some of these processes redistribute photons by energy, and so we track the full photon population as a function of energy through cosmic history. We use this information to compute the IGM temperature and ionization history, and use standard techniques to compute the 21cm brightness temperature and the fluctuations. In the end, we obtain the complete temperature and ionization history of the IGM, the power spectrum and sky-averaged signal of 21cm brightness temperature fluctuations, and a relic high-energy photon population. In order to obtain a constraint on PBHs, we compare the power spectra from several models to the power spectrum with no PBHs included and use an estimate of the measurement error for a realistic future experiment.
The PBH population is currently most tightly constrained for PBH masses near 10 12 kg, by the diffuse γ-ray background as measured by EGRET [11, 12] . The highest-energy EGRET photons cannot be of primordial origin (z > 10
3 ) because the IGM is not transparent at the corresponding energies. These photons are thought to originate from outside the Galaxy, but their production mechanism is as yet unknown. One possibility is that these high-energy photons arise from processes at redshifts lower than that of reionization, in which case it is unlikely that 21cm observations will be a useful probe. Another possibility is that these photons arise from some energetic process occurring during the Dark Ages. In this case the details of photon absorption and heating by the IGM will be important. If these energetic processes heat the IGM, then 21cm observations could provide a complimentary measurement and a consistency check on exotic physics mechanisms which purport to contribute to the high-energy diffuse γ-ray background.
This paper is organized as follows. We review the physics of PBH formation and energy emission in Section II. In Section III we describe our computation of the energy injection rates from PBHs and how this influences the mean IGM evolution, the 21cm brightness temperature, and the 21cm power spectrum. We give an overview of our results in Section IV. We include predictions for the ionization history, 21cm observables, and relic photon population for a selection of PBH models. In Section V we present the constraints on PBH populations that can be obtained with an ambitious 21cm experiment. We discuss observational prospects in Section VI and conclude in Section VII.
II. PRIMORDIAL BLACK HOLE EMISSION

A. Formation mechanisms
Several possible formation mechanisms for PBHs have been discussed in the literature, and the resulting mass spectra are highly model-dependent. We briefly mention some possible PBH formation mechanisms here. For a more in-depth review, see, e.g., [13] .
As first proposed, PBHs result from fluctuations in the high density primordial perturbations that collapse upon horizon entry [14, 15] . This scenario is expected to produce an extended PBH mass spectrum [16] . As it generally requires a spectral index n s > 1, this scenario is disfavored by the most recent observations which indi-cate n s < 1 (e.g., the WMAP five-year data set [17, 18] ). Other PBH formation scenarios invoke a phase transition or a period of a softening equation of state during which fluctuations would be more likely to collapse (e.g., [19] ). These models predict a very narrow mass spectrum, as PBH formation would occur only at the time of the transition. Other formation scenarios invoke more exotic mechanisms, such as the collapse of cosmic string loops [20, 21, 22, 23, 24] and of domain walls [25, 26] , and predict a broader mass spectrum.
In this work, we assume all of the PBHs have the same mass, amounting to a delta-function mass spectrum. This approximation is good for some PBH formation scenarios and less so for others. It is the most general in the sense that its results may be easily applied to other models. Our results show that the constraints on the PBH population depend strongly on mass, but in a simple way. By assuming a single PBH mass, we can determine the mass ranges most tightly constrained by 21cm observations. We expect the constraints on a more general PBH mass spectrum to be determined, to a rough approximation, by the number density of PBHs in the mass range to which 21cm observations are most sensitive. Therefore assuming a single PBH mass gives a good indication of the constraints on more general PBH mass distributions.
B. Hawking radiation
The primary means by which black holes with masses 10 14 kg would have influenced the IGM is through Hawking radiation. It has been known for some time that a Schwarzschild (uncharged, non-rotating) black hole of mass M PBH should radiate [7, 8] as would a warm body at the temperature T H , where
The black hole should emit all massless and nearlymassless particles (gravitons, photons, neutrinos), as well as those massive particles whose mass is substantially below k B T H . The energy emitted in neutrinos and gravitons is essentially lost, for these particles interact very weakly and do not affect the IGM. On the other hand, the IGM is affected by the energy emitted in photons and by the e ± pairs emitted by smaller black holes. While black holes are expected to have a temperature, they should not emit radiation with a blackbody spectrum. Instead, Hawking's calculation shows that the number of particles emitted with angular frequency ω (measured at infinity), spin s, polarization p, and angular momentum quantum numbers lm is
where the Γ splm (ω) are graybody factors. The Γ splm (ω) parameterize the deviation of the black hole emission spectrum from that of a blackbody. Physically, each Γ splm (ω) is the probability that a particle in an infalling field mode described by splm is absorbed by the hole. Since a black hole with temperature T H must be in thermal equilibrium with a blackbody heat bath of the same temperature, it follows that these absorption probabilities must also determine the emission rate. In addition to the parameters splm, the Γ splm (ω) also depend on the mass of the particle species. Only particles with mass m ≪ T H (in units where k B = c = 1) will be emitted at an appreciable rate, and for these particles the Γ splm (ω) are those of massless particles. In this work we only consider the emission of particles with m ≪ T H and so use the massless graybody factors. It is essential to include the graybody factors when studying the effect of black hole emission on the IGM. They determine the total power emission in particles of various spin, and therefore the evolution of the black hole mass. The rate of IGM photon absorption is very frequency-dependent, and so it is essential to know the photon spectrum accurately. We use the power emission spectra computed in [9] , obtained by integrating the Press-Teukolsky equations for fields of different spin [27, 28] . A general feature of these graybody factors is that the emission of particles of high spin is suppressed, and the peak emission moves to higher energies. For example, the power emission per polarization is larger for a spin-1/2 particle (such as a neutrino) than for a spin-1 particle (such as a photon). For black holes with masses M PBH 9.5 × 10 13 kg, which are too large (and thus too cold) to emit ultrarelativistic e ± pairs, most (∼ 81%) of their energy emission is in neutrinos, which do not heat the IGM. Black holes with M PBH 9.5 × 10 13 kg, in contrast, emit ∼ 45% of their energy in e ± pairs, compared to only ∼ 9% in photons [9] . Black holes with masses M PBH 4.5 × 10 11 kg will emit relativistic µ ± pairs, and black holes with progressively smaller masses will emit more and more massive particles. At sufficiently small M PBH these will contribute to the photon, neutrino and electron emission by secondary decays and hadron jets. By a coincidence between IGM physics and black hole physics, the black holes that are evaporating near the present epoch emit their photons into the window where the IGM optical depth is strongly dependent on redshift.
III. IGM PHYSICS
The mean IGM evolution is determined by tracking the kinetic temperature of the gas T K , the ionization fraction x i , and the spin temperature T S . The evolution of T K and x i with redshift is given by differential equations, with initial conditions taken from standard cosmology just before recombination, and with additional terms to account for exotic energy injection mechanisms. The spin temperature T S is then determined algebraically. Neutral hydrogen is visible in 21cm whenever the spin temperature T S differs from the CMB temperature, T CMB , and due to the contrast, the signal will show up in either emission or absorption. The sky-averaged brightness temperature T b therefore carries information about the mean gas temperature and ionization state of the universe. However, because of the many bright foregrounds expected for 21cm experiments (discussed in more detail in §VI A), an absolute all-sky signal will be difficult to detect. An easier target is a statistical detection of the power spectrum of the 21cm brightness temperature perturbations. By comparing the power spectrum of the 21cm signal with and without a contribution from PBHs, we can retain the ability to discriminate among models within the limitations of realistic experiments. We discuss the power spectrum calculation in §III B.
A. Mean IGM evolution
The homogeneous IGM is described by the mean kinetic temperature T K , the spin temperature T S , and the ionization fraction x i . The mean kinetic temperature of the gas evolves according to [5, 29] dT
where H(z) is the Hubble parameter at redshift z, η 1 = 1 + f He + x i with f He the helium fraction (defined by n He /[n H + n He ]) [61] , and
with m e the electron mass, σ T the Thomson cross section, and U CMB the CMB energy density at redshift z. The first term on the right-hand side of Equation (3) accounts for the redshifting of kinetic energy with the expansion of the universe. The second term includes the effect of IGM heating by scattering of CMB photons from hydrogen ions. The final term in (3) takes account of heating by exotic energy injection into the IGM. The parameter ǫ is an energy injection rate per baryon, and χ h is the fraction of the energy that goes into heating the IGM. We describe in more detail below how ǫ is determined for the PBH population. The ionized fraction x i obeys [5, 29] 
where the first term on the right-hand side includes hydrogen recombination through an effective coefficient α(T K ), which depends on the kinetic temperature of the gas. Following [10] we use the Case B coefficient from Table I of [30] . The second term in Equation (5) includes the ionizations produced by an exotic energy injection mechanism. As in Equation (3), ǫ is the energy injection rate per baryon, χ i gives the fraction of energy going into ionizations, and E ion = 13.6 eV is the ionization threshold of hydrogen. The spin temperature of the neutral hydrogen gas depends on competition among collisional excitation [31] , heating by CMB photons, and interactions with Ly-α photons [32, 33, 34] . The temperature itself is defined by the ratio between the occupation numbers n 1 and n 0 of the singlet and triplet hyperfine spin states, through
where T * = 0.068 K is the energy splitting between hyperfine states in temperature units. In equilibrium, the spin temperature T S is given by
where the parameters x c and x α are the collisional and Wouthuysen-Field [32, 33] coupling parameters, respectively, and T c is the effective color temperature of the radiation field [34, 35] . We omit the Wouthuysen-Field coupling in this work, since we only expect it to be important once the first luminous sources turn on at comparatively low redshift, at which point their heating effects will easily swamp the contribution from PBHs. The collisional coupling coefficient x c is
where A 10 = 2.87 × 10 −15 s −1 is the spontaneous decay rate of the hyperfine transition. The parameter κ 1−0 describes spin excitation through atomic collisions; its value has been tabulated as a function of gas temperature [36, 37] . For the range 1 K < T K < 300 K, we use the values in column 4 of Table II in [37] . For T K > 300 K, we use the fitting formulae suggested in [37] for the data presented in [36] .
Using Equations (3), (5) and (7) to evolve T K , x i and T S , we calculate the differential 21cm brightness relative to the background [1, 38] :
≃ 28 mK
033
where we assume τ ≪ 1 in the second line.
B. 21cm power spectrum
Measurements of the power spectrum of fluctuations in the 21cm signal will make it possible to extract statistical information about the structure in neutral hydrogen even if detailed imaging or tomography remain beyond the reach of experiments.
As evident in Equations (7) and (9) above, the brightness of the 21cm signal depends on the density, temperature and ionization state of the hydrogen gas. To trace the shape of the power spectrum as a function of redshift, we must track not only the density perturbations in the baryonic matter, but also the fractional perturbations in the ionization state and the temperature of the hydrogen gas and the factors that influence the couplings among them.
The fractional perturbation to the brightness temperature is defined as
The Fourier transform δ 21 (k) can be written as a sum of each contribution weighted by expansion coefficients related to the various couplings [2, 5] :
where the δ i are fluctuations in overdensity (δ), neutral fraction (δ H ), Lyman-α coupling strength (δ α ) and temperature (δ T ). The expansion coefficients are
where the x c are collisional coupling coefficients [39] , for which x c = x are rate coefficients for spin de-excitation from electron/hydrogen and hydrogen/hydrogen collisions, respectively [2] .
The power spectrum of 21cm fluctuations contains contributions proportional to the mean brightness temperature of the 21cm line over the whole sky as well as to the fluctuations in the spin temperature [40] . Taking a simplified estimate in which we consider only the growing-mode perturbation on large scales, we can write all perturbations as pure time-delay perturbations, which means each separate perturbation, and hence the 21cm power spectrum, is proportional to the matter power spectrum P δδ . As we discuss in more detail below, this approximation leads to a small error when the brightness temperature is near zero, but provides sufficient accuracy for our purposes. Then, the 21cm power spectrum can be written
where µ = cos(θ) accounts for the angle between the wavevector k and the line of sight, and we have
Here, g i (z) ≡ δ i /δ and g T (z) ≡ δ T /δ are defined for convenience to compare the fluctuations in the ionization and temperature to the matter overdensity, and θ u encodes the uniformity of the energy deposition. It is defined such that the energy deposition rate is proportional to (1 + θ u δ) so that θ u = 0 for uniform deposition. Recall that we are neglecting the contribution of WouthuysenField coupling in this work, so we are effectively imposing β α = 0. In practice, the power spectrum is calculated by evolving g i and g T with redshift along with the mean global properties of the IGM. The evolution equations are [5] dg
where we have included bars over quantities that are global averages, for clarity. The quantity α is the hydrogen recombination coefficient and α
C. Energy injection and the photon spectrum
The PBHs influence the IGM through the direct emission of photons and e ± pairs. Given the black hole emission power in these channels we must take into account the details of photon and e ± absorption by the IGM in order to give the power absorption per baryon ǫ which appears in the evolution equations for T K and x i .
There are a number of processes that allow photons to deposit energy in the IGM, all of which have frequency dependencies, which themselves change with redshift and with the ionized fraction. We follow the tabulation of optical depths given in [41] for the following processes: photoionization, Compton scattering, pair production from atoms and ions, photon-photon scattering, and single and double pair production from CMB photons. Individual rates for each process are shown at a fixed redshift in Figure 1 , and the total photon-IGM interaction rate as a function of redshift is shown in Figure 2 . At all redshifts, below roughly 100 eV, the optical depth is dominated by photoionization, while at high energies it is dominated by pair production from CMB photons. Between the two, the absorption of photons depends strongly on energy. These include processes which deposit energy directly into the IGM (pair production and photoionization), processes which redistribute photons (2γ → 2γ) and ones that do both (Compton). At very low energies, photoionization is the dominant process; at very high energies, e ± pair production dominates.
At lower redshifts, a "transparency window" for photon-IGM interactions emerges [5, 29, 42] . The "bump" visible in the plot is due to Compton scattering, and photons that fall into the trough at slightly higher energies are largely unabsorbed by the IGM.
To enable us to fully account for the IGM/photon physics, we follow the photon population in ∼ 10 3 comoving energy bins between 1 and 10 12 eV. (We bin by comoving energy so that redshifting alone does not move photons from bin to bin.) Careful accounting is necessary because of a numerical coincidence between the transparency window (the trough between 10 6 − 10 8 eV at z = 300) and the Hawking temperature of long-lived primordial black holes. The black hole mass that is most interesting from the perspective of IGM physics is that corresponding to black holes that are just evaporating away at the present epoch, for these black holes deposit almost all of their initial mass-energy in the IGM. A black hole that is just evaporating today had an initial mass of 5 × 10 11 kg [9] , corresponding by Equation (1) to a temperature of 20 MeV, which is nearly constant until the very end of the hole's life. Referring to Figure 2 reveals that these black holes are emitting a substantial fraction of their photons near the transparency window. Therefore, most photons emitted by these black holes will not be absorbed for many Hubble times, if at all. In this case, For photon energies where (dτ /dt)/H < 1, the IGM is essentially transparent. The Hawking temperature TH for various PBH masses is also shown. Because of the graybody factors, the peak in e ± energy emission is at energies slightly above kBTH, and the peak in the photon energy emission higher still.
treating black hole emission as absorbed "on the spot" would be a poor approximation. To properly treat black hole emission near this mass range, then, we follow the full photon population over time.
Different photon/IGM processes deposit energy in the IGM in different ways. The pair production processes (from atoms or ions, and single and double pair production from CMB photons) all deposit their energy by converting it into e ± pairs. We count all of the energy going into the e ± pair (including the rest masses of the e ± themselves) as injection into the IGM via the ǫ parameter above. When deposited in the IGM, the energy is partitioned between heating, ionization, and HI excitation. The fractions of the initial electron energy that go into heating and ionization are denoted by χ h and χ i , which were introduced in (3) and (5). These fractions have been computed in detail [43] ; for our work we employ the approximations [5, 42] 
We treat photoionization within the same framework. The initial photoionization event is different than heating or ionization caused by the energetic electrons produced by pair production. Nonetheless, except for photons near the photoionization threshold of 13.6 eV, the majority of the initial photon energy is given to the secondary pho-toelectron, which then heats and ionizes subsequent hydrogen atoms and ions in the same way as the electrons produced by pair production. Tracking the full photon population allows us to properly treat photons whose first interaction occurs long after they are created, but for all of the pair production processes, we assume that the entire photon energy is lost on this first interaction. In contrast to the pair production processes, other processes largely redistribute photons within the photon population. These photons do not deposit their energy in the IGM directly, though they may do so after downshifting to lower energies. The main example of such a process is two-photon scattering γγ CMB → γγ of energetic photons from the CMB. We assume that each interaction evenly divides the initial energy between the two photons, and so this produces a cascade of photons at successively lower energies. These may eventually interact, or fall into the transparency window and be lost. To a certain extent, Compton scattering also redistributes photons among the energy bins. Unlike the other processes we consider, each Compton scatter may only reduce the energy of the photon by a small amount, and so we cannot make the approximation that all of the initial photon energy is deposited in the IGM. We deposit an energy-dependent fraction (given in [41] ) of the photon's energy in the form of hot electrons, and decrement the energy of the photon itself. Thus Compton scattering both heats and ionizes the IGM and modifies the photon population.
IV. NUMERICAL RESULTS
We have developed a modular code that simultaneously: (a) evolves the PBH population; (b) calculates the energy output in photons and other particles; (c) accounts for partial absorption and free streaming due to the transparency window (evolved with redshift); (d) partitions the energy injection into heating and ionization; (e) evolves the sky-averaged quantities; and (f) calculates the perturbations in heating and ionization for the 21cm power spectrum.
For initial conditions, we use a modified version of the RECFAST [10] code starting at redshift z = 10 4 , and then use that code to continue to follow the evolution of the mean temperature and ionization and their perturbations up to a redshift z = 300. After that point, we use a simplified IGM evolution code to implement Equations (3), (5), (19) , and (20) . Both RECFAST and the simpler IGM evolution code use an additional code module which tracks the photon population, and which computes the energy injection rate from photons and e ± pairs which feeds back into the IGM evolution equations.
For the purpose of this calculation, we begin with a population of PBHs at a single mass and a given number density. The possible spectra of masses of PBHs is discussed in §II A.
We follow the evolution of the population of PBHs as they lose mass to Hawking radiation, injecting their energy into the IGM. Based on the PBHs' effect on the 21cm power spectrum in a range of redshifts and the expected observational limitations of future experiments, we are able to obtain a limit on the density of PBHs at each initial mass in our range of interest. For most of the mass range of interest for 21cm experiments, the PBHs have evaporated completely before the present day. As can be seen in Equation (1), the Hawking temperature diverges as the PBH mass goes to zero. There has been much discussion in the literature as to the phenomenology of the final stages of Hawking evaporation, with some suggesting that the PBHs may leave a Planck-mass relic [44, 45, 46] , and others proposing a connection between the late stages of PBH evaporation and signatures of extra dimensions [47] . For our purposes, the details of the final moments are not important, since only a very small fraction of the PBH's total energy is emitted during that time. We "turn off" the Hawking evaporation when the PBHs are within one year of complete disappearance.
We find there are several regimes of PBH mass ranges that have distinct effects on the evolution of the IGM:
10 kg: In this regime, the evaporation occurs early enough to alter the late stages of recombination, but these PBHs are not well suited to constraints with Dark Age 21cm observations.
• 5 × 10 10 kg M PBH 10 11 kg: PBHs in this range of masses evaporate in a range of redshifts (30 z 90) during which the fiducial sky-averaged 21cm brightness temperature signal is visible in absorption against the CMB. At sufficient number densities, these PBHs would raise the brightness temperature in 21cm, effectively decreasing the strength of the 21cm signal during this time. An anomalously small (in absolute value) 21cm brightness temperature on the sky would indicate extra energy injection in this regime.
• M PBH ∼ 10 11 kg: The evaporation of PBHs with initial masses near 10 11 kg have the most dramatic effect on the expected 21cm signal. The peak in their energy injection would occur at sufficiently low redshifts that, at high densities, they could raise the spin temperature above the temperature of the CMB, making the 21cm signal appear in emission rather than in absorption. For the smallest masses, at number densities not yet ruled out by current data, the emission signal can be several mK. If the all-sky signal were to switch to emission before the effects of star formation were expected to significantly alter the signal (stars can bring the 21cm signal into emission for redshifts less than z ∼ 15 [48] ), this would be a strong indication of exotic physics in the Dark Ages [5] .
• 10 11 kg M PBH 10 14 kg: PBHs created in this mass range would still exist today, as their evaporation timescale is longer than the current age of the universe. For these PBHs, the Hawking radiation can be well approximated by a constant rate of energy injection; their effect on the IGM would be very similar to that of decaying dark matter (see [5] for a discussion of the effects of such a scenario). Since the power and Hawking temperature are both small for such massive PBHs, their effect on the IGM would be less pronounced than that of their less massive counterparts. They would also lack the sudden, short-lived increase in signal that can be seen for PBHs that complete their evaporation in the Dark Ages.
• M PBH 10 14 kg: At very high masses, the Hawking temperature is too low to allow for the production of e ± pairs. These black holes emit cooler photons which do not efficiently inject energy into the IGM. Therefore a greater number density of these black holes can be tolerated without changing the mean IGM evolution significantly.
For black holes with masses above 10
14 kg, which do not emit e ± pairs, the energy injection rate is roughly constant. This allows for a direct comparison with decaying dark matter models in which the dark matter lifetime is much longer than the age of the universe, which give a roughly constant energy injection rate per baryon. Therefore we can find a dark matter decay model corresponding to a given large-mass PBH evaporation model. For cases in which all the dark matter is in the form of decaying dark matter particles, the correspondence is:
for M PBH > 10 14 kg, where Γ X is the decay rate of the dark matter particle. As a corollary, observational consequences in 21cm of PBH populations are a function of M
−3
PBH Ω PBH for M PBH > 10 14 kg. For smaller PBHs, the emission of e ± pairs dominates the energy injection, and this scaling no longer applies.
To determine the detectability of PBHs evaporating in the Dark Ages, we simulate their effects in three potentially observable quantities. The first is the overall ionization state of the IGM, the second is the high-redshift 21cm all-sky brightness temperature, and the third (and most relevant for near-term experiments) is the 21cm power spectrum. We discuss each in turn in the following subsections.
To illustrate the effects of PBHs in different mass regimes, we will use three example PBH models, whose effects on the IGM are plotted in Figures 3, 4 and 5. The parameters of the three cases are described in Table I .
A. Mean ionized fraction
As the PBHs evaporate, the energy they inject into the IGM will increase the hydrogen ionized fraction. To examine the importance of this effect, we simulated the ionization history of the IGM, following Equation (5) with the energy deposition for ionization determined by Equation (21) . For the models we considered, which would affect the 21cm power spectrum at potentially detectable levels (see §IV C), the ionization fraction did not increase to a level sufficient to reionize the universe; generally, ionization fractions of the order of 10 −3 are only reached at redshifts low enough that the formation of stars and galaxies would likely start to become important. We plot some example ionization histories in Figure 3 .
The models we plot here are chosen to reflect the range of phenomenology that can be expected from PBH evaporation in the regimes in which it would strongly affect the IGM evolution. In addition to the no-PBH case, we plot two cases in which the PBH evaporation completes during the Dark Ages, giving the strongest signal as the temperature and power of the Hawking radiation increase greatly in the final stages of evaporation, and one case in which the evaporation is not complete by the present day. The parameters of these models are summarized in Table  I . In Figure 3 , the peaks in each of the two lowest-mass models occur at the redshift at which the evaporation finishes in each model.
One may ask if the alteration in the ionization history would be detectable as a change in the integrated Thomson scattering optical depth measurement (τ LSS ) in CMB experiments. For the models we focused on, with potentially detectable differences in the 21cm power spectrum (as determined by equation [23] ), we find that the change in τ LSS is at best on the order of 10 −3 , whereas the contribution to τ LSS from the reionization of the universe is two orders of magnitude higher. Current experiments cannot reach this precision, and uncertainties in the process of cosmological reionization would likely prevent exotic physics from being constrained in this way in the future: for example, a change in the reionization redshift from 6.1 to 6.0 would result in a change in τ LSS of order 10 −3 , and non-instantaneous reionization scenarios complicate the picture further. The fact that the optical depth measurement is an integrated signal over the history of the universe since recombination gives it a disadvantage over future 21cm experiments, where measurements will be possible at a large number of redshifts. 10 kg at ΩPBH = 2.7×10 −12 (Model C; magenta, dotted). These models correspond to marginally detectable deviations in the power spectrum, as discussed in Equation (23) in §IV C.
With CMB polarization measurements from the Planck satellite, we expect to be able to constrain energy injection rates of ∼ 10 −15 eV/s/baryon at z = 1000 [29] , whereas with future 21cm power spectrum measurements we can expect to do around three orders of magnitude better [5] , and to measure at several redshifts.
Since the 21cm signal depends on the ionization state and the temperature of the gas, the features in the ionization history are echoed in the 21cm brightness temperature signal, which we discuss next.
B. Sky-averaged 21cm brightness temperature
The ultimate realization of the power of 21cm observations would be in the form of 21cm tomography of the high-redshift intergalactic medium. A radio telescope observing the full sky at 21cm(1+z) could, in principle, have a complete map of the neutral hydrogen at that redshift, and could obtain a 3D image of structure formation by combining slices at each z. While there are significant observational challenges involved in true tomography (some of which we discuss in §VI), even a sky-averaged mean signal of the 21cm brightness temperature, which would contain information about the overall state of the neutral hydrogen at a range of redshifts, would significantly improve upon current probes of the IGM at high redshifts.
Following Equation (9), we track the mean 21cm brightness temperature as a function of redshift in our simulations. Although there are still many observational difficulties for this measurement (including major foregrounds and challenges to instrument design, discussed in more detail in §VI), this result gives an impression of the effects of PBH energy injection on the 21cm observables, and experiments currently under way may be sensitive to strong gradients in the sky-averaged signal. In Figure 4 , we plot the brightness temperature induced by the no-PBH case as well as by the three example models plotted previously in Figure 3 .
The two low-mass cases, in which the final evaporation occurs in the Dark Ages, show conspicuous spikes in the brightness temperature at the redshifts of evaporation. For the lowest-mass case, M PBH = 5 × 10 10 kg (Model A), the effect is to decrease the 21cm signal in absolute value by tens of mK; this discrepancy should be noticeable if future experiments can measure the mean signal to sufficient accuracy. The signal from the intermediate case (Model B) would potentially be much more striking, as the signal would switch from absorption to strong emission at a redshift above that at which ordinary star-formation is expected to bring the spin temperature above the CMB temperature. The highest-mass case (Model C), in which evaporation has not occurred by the present day, would also significantly alter the mean signal over a range of redshifts, though there would not be as dramatic a discrepancy.
It must be noted that the "spikes" in the ionization and brightness temperature signals depend upon the simultaneous evaporation of all PBHs -this kind of signal would only occur if the PBHs were formed with a very narrow mass spectrum. For a broader range of masses, the peaks would be smoothed out and the signals less striking. Therefore the absence of a spike in the sky temperature would not necessarily disfavor the existence of PBHs with a broad mass distribution.
C. 21cm power spectrum
Given the observational difficulties inherent in 21cm tomographic imaging of early structures and in all-sky brightness temperature measurements, some of the nearterm experiments are instead aimed at detecting the 21cm fluctuations statistically by measuring the 21cm power spectrum. Realistic near-term experiments should have the capability to use the 21cm power spectrum to study the process of reionization [49] and estimate cosmological parameters [50] , and we find that PBH evaporation can be strongly constrained by more ambitious future radio interferometers.
The ability to distinguish models including exotic physics from the standard IGM evolution depends upon how precisely the power spectrum can be determined. We use an estimate of the error in the power spectrum measurement for a hypothetical future experiment to test the observability of the alteration in the IGM evolution due to our PBH models. The error depends on several different parameters of the experiment in question. An ideal radio interferometer would have a long maximum baseline (R max ), a high effective area (A e = N × A, where N is the number of receivers and A is the area of each), and a high covering factor (f cov ≡ A e /(πR 2 max )). A large bandwidth (B) and a long integration time (t int ) also decrease the error. The frequency of the observation comes into the equation in two ways, and in both cases, higher redshifts give higher errors. The error is proportional to (1 + z) , but also to the sky temperature T sky , which is a function of frequency. The foreground is dominated by Galactic synchrotron, which roughly follows T synch ∼ (ν/200 MHz) −2.8 K for the frequencies of interest.
For the purpose of placing a constraint, we consider an experiment with parameters similar to estimates for the proposed Square Kilometer Array (SKA), but operating at a much lower frequency in order to probe the higherredshift universe [51] . We compare the parameters of the considered low-frequency experiment with those of SKA in Table II . We assume an integration time of 1000 hr for each, and observations at wavenumber k = 0.04 Mpc −1 . a The bandwidth used for an individual observation is frequencydependent; see [51] for details.
From [5] , the error at a wavenumber k is given by:
The data are assumed to be binned in segments of logarithmic length ǫk. In Figure 5 , we plot example power spectra from our PBH models alongside the fiducial no-PBH model to illustrate how the power spectra change with PBH energy injection. The zeros in the power spectra plots correspond to the 21cm signal changing from absorption to emission, since, from Equation (17), for our approximation, the power spectrum is proportional to the square of the 21cm brightness temperature.
We have made some approximations in order to compute these power spectra, and here we can comment on their accuracy. Essentially we have taken the 21cm power spectrum to be proportional to the mean 21cm brightness temperature T b . However there is also a contribution from fluctuations in the spin temperature T S . Normally these are small but can become important when the 21cm mean signal switches from absorption to emission and T b passes through zero. We can use the more accurate calculation of [40] to estimate our error. The fractional error, relative to the no-PBH 21cm power spectrum, is approximately
using the notation of [40] . This is the ratio between the fluctuations in the spin temperature (which we have neglected) to those proportional to the mean brightness temperature (which we have included). Using the results of [40] for the standard cosmology (no PBHs) gives a fractional error of ∼ 1/7. While not suitable for percentlevel precision observations, our approximations can be trusted to indicate when PBHs lead to a substantial deviation from the expected 21cm signal, and give reliable results at the ∼ 10% level. Applying the criterion of Equation (23) to these power spectra, we can estimate the ability of future 21cm observations to place limits on populations of PBHs. We discuss our results in the Section V.
D. Relic photon population
As a by-product of the IGM computations, we obtain predictions for the relic photon population produced by the PBHs. These photons have an energy spectrum which is the Hawking spectrum, modified by the graybody factors, convolved over redshift, and then processed by IGM-photon interactions.
Plots of the photon population as a function of redshift are given in Figures 6 and 7 . The populations in these two models follow a similar evolution pattern. At very high redshift (z > 1000) the black holes emit photons near the Compton peak, which are subsequently downscattered to lower energies. After recombination, the lowenergy photons rapidly deposit all their energy in the IGM through photoionization of neutral hydrogen and disappear from the spectrum. As the redshift decreases further, most photons are emitted into the transparency window. The late-time photon population therefore relaxes to the unabsorbed Hawking spectrum, with a tail at lower energies from Compton downscattering.
The models shown in the Figures are chosen to be on the constraint surface for 21cm observations. For these models, the relic photon population would be swamped by conventional astrophysical processes in the relevant energy range. Hence 21cm observations could detect the presence of these PBH populations that would be unobservable from diffuse photon background measurements alone.
V. CONSTRAINTS ON PBH POPULATION
The power spectrum of 21cm brightness temperature fluctuations will be a powerful probe of exotic physics in the Dark Ages, before the IGM is significantly heated and ionized by the first stars and galaxies. We apply an estimate of the error in the power spectrum, from Equation (23), to our simulated power spectra for models of PBHs injecting energy into the IGM through Hawking radiation. We find that future experiments will be able to place very tight constraints on PBHs that evaporate dur-
The solid line shows our expected constraints on PBH mass and density parameter from a 21cm observational program with parameters described in Equation (23) . The blue dotted line shows the diffuse γ-ray background constraint from [52] for comparison. PBH models with masses less than ∼ 5 × 10 10 kg are difficult to constrain with the 21cm observations we are proposing because they evaporate before the Dark Ages, and may interfere with the recombination process.
ing the Dark Ages, improving on current limits by several orders of magnitudes in certain regimes, and demonstrating the feasibility of using 21cm observations to constrain exotic physics.
In Figure 8 , we plot the constraint based on the simulated power spectra, using Equation (23) as an estimate of distinguishability, along with the PBH constraint from the diffuse gamma ray background [52] .
For the mass range in which the evaporation is not complete before the present day, the energy injection from evaporation remains roughly constant during the Dark Ages, and the constraint on the density parameter (Ω PBH ) in PBHs is proportional to M PBH Ω PBH determines the energy injection rate, so the scaling in that regime is as expected.
For intermediate masses, where the evaporation finishes during the Dark Ages, somewhat tighter constraints are possible due to the sharp increase in the power and Hawking temperature during the final stages of evaporation.
At the smallest masses, the evaporation occurs before recombination is complete; this case is not well constrained with Dark Age probes.
VI. OBSERVATIONAL PROSPECTS
The prospect of using 21cm observations to detect the transition from a neutral to ionized IGM has motivated a surge of activity in the observational sector, resulting in several ambitious low-frequency radio interferometry projects, some of which are already taking data.
A review of the progress of current and planned observational projects can be found in [49] . For our purpose in discussing a possible future constraint on exotic physics in the Dark Ages, we imagine an ambitious future radio interferometry experiment that will measure the 21cm power spectrum at 0.1 mK precision at a redshift of 50. The parameters of such an experiment (see Table II ) are chosen to demonstrate the potential of 21cm observations rather than to point to a specific proposed experiment; our imagined experiment would be somewhat more advanced than the proposed SKA.
Sensitive study of neutral hydrogen in the Dark Ages with 21cm observations will require overcoming challenges both in instrumentation and in astrophysical foreground removal. In terms of the instrumentation, it will be important to have tight control over the polarization response of the instrument and to carefully deal with frequency-dependent side-lobes [49] .
An even bigger challenge to this observation will be the strong astrophysical and terrestrial foregrounds. We discuss these briefly in the next section; for more details, see, e.g., [2, 49, 53, 54, 55, 56] .
A. Foregrounds
The radio sky at the frequencies of high-redshift 21cm observations is very bright; at around 200 MHz (corresponding to 21cm observations at z ∼ 6), the temperature of the quietest parts of the sky can be hundreds of Kelvins, compared to an expected 21cm fluctuation signal on the order of tens of mK [2] . Radio synchrotron emission from our Galaxy is the dominant contribution to this foreground; other contributions are free-free emission from our Galaxy and extragalactic contributions. The extragalactic component could be particularly difficult to correct for in spatial measurements because the angular fluctuations are unknown and will swamp the 21cm signal [53] .
Frequency information obtained along individual lines of sight may alleviate the foreground problem to some extent. Synchrotron and free-free emission should have smooth powerlaw spectra in frequency space, whereas the high-redshift 21cm signal from neutral hydrogen structures is expected to have more small-scale structure (see, e.g., [56] ). After point sources are excised, a smooth spectrum can be fit and subtracted, leaving only the 21cm fluctuations. This would generally be done on a pixelto-pixel basis, using a fitting function for the smooth foreground spectrum. It would be especially effective in cases, such as with the SKA, where individual HII regions may be imaged. These fully-ionized regions will have no signal in 21cm, and so will allow for a direct probe of the foregrounds [2] .
Fluctuations in the ionosphere can also be problematic for low-frequency measurements, distorting images through refraction. These distortions will likely be correctable except during periods of unusually high ionospheric activity [49] . Below frequencies of a few MHz, one approaches the plasma frequency of the ionosphere, and it becomes opaque. This effectively prevents groundbased 21cm observations at redshifts higher than z ∼ 70.
One of the most difficult foregrounds to correct for will be terrestrial radio interference, though there is much ongoing computational work being devoted to this problem. Radio, television, and mobile phones all operate in the desired frequency range, as it is not a protected region of the spectrum. For this reason, many of the current and upcoming observational efforts are occurring in remote locations with low population density. To completely defeat the foregrounds from both the ionosphere and radio interference, some have suggested constructing observatories on the far side of the moon, with the lunar mass acting as a radio shield [57, 58] .
Tight instrumental control and careful foreground removal will be the biggest barriers to the use of 21cm observations for cosmology or early universe physics, and the ultimate goal of detailed imaging of early structure formation in neutral hydrogen may be thwarted by these challenges for the foreseeable future. However, the foreground cleaning techniques that are currently being developed will make statistical measurement of the 21cm fluctuations through the power spectrum achievable with upcoming telescopes, and several projects are in development with this goal in mind, including the 21 Centimeter Array (21CMA; formerly PAST), the Murchison Widefield Array (MWA), and the Low Frequency Array (LO-FAR) [49] .
Complementary to power spectrum measurements will be the ongoing observational efforts to track the skyaveraged 21cm brightness temperature as a function of frequency (redshift). While foregrounds will make an absolute measurement of the brightness temperature difficult, strong gradients over small frequency ranges will be detectable with the first generation of experiments [59] . The hope is to use this technique to discover the transition between a neutral and an ionized IGM at the epoch of reionization, but if PBH evaporation occurs suddenly enough, the sharp increase in brightness temperature may also be a detectable signal.
The EDGES experiment, currently under construction, will use a single antenna at a radio-quiet site to measure the sky-averaged brightness temperature and search for gradients of around 1 mK/MHz, with a frequency resolution of between 0.1 and 1 MHz, in a range corresponding to the 21cm signal at z < 30 [59, 60] . In our example PBH scenarios, the brightness-temperature peak from sudden evaporation would be somewhat below this detectability threshold, but future experiments along these lines may have the power to strongly constrain sharp PBH mass functions through the non-detection of peaks in the 21cm brightness temperature.
VII. DISCUSSION
We have shown that future observations of the power spectrum of high redshift neutral hydrogen 21cm fluctuations have the potential to place strong constraints on the injection of energy into the intergalactic medium in the Dark Ages due to exotic physics, specifically in the case of evaporating primordial black holes. The contribution of PBHs to the mass budget of the universe can potentially be tightly constrained in a range of masses from 5×10 10 kg to 10 14 kg, corresponding to PBHs whose final evaporation would occur during the Dark Ages when the universe is dominated by uncollapsed neutral hydrogen gas. We estimate being able to constrain Ω PBH 10
−12
at M PBH ∼ 5 × 10 10 kg, and to improve upon current constraints derived from the γ-ray background for similar masses.
In order to estimate the effect of PBH evaporation on the IGM, we developed an extensive computer code for calculating the evolution and Hawking radiation of the PBHs, the transparency and absorption properties of the IGM, and the evolution of the 21cm signal both in terms of the sky-averaged brightness temperature and the fluctuation power spectrum.
Although the use of 21cm observations for cosmology in the Dark Ages will be technically challenging, the potential payoff for a wide range of astrophysical and cosmological applications easily justifies the current surge of interest in the field. In this section, we describe some notational conventions and definitions used in this work, and how they compare to related works cited herein.
The main source of differences among recombination calculations is the definition of the helium fraction, f He . The RECFAST code [10] , which we use for the highest redshifts in our calculation, defines f He as the helium-tohydrogen number ratio:
where Y p is the primordial helium abundance (mass ratio), defined by ρ He /(ρ H + ρ He ), which we take to be 0.25. Therefore, f
Recfast He = 1/12. An alternative definition of the helium fraction is the ratio between the number density of helium and the total number density of nuclei. This definition is used by [5, hereafter FOP] , from which we derive late-time IGM evolution equations. The numerical difference between the helium fraction defined this way and that of Recfast is small but potentially significant: f FOP He ≡ n He n H + n He = 1/13.
Another possible source of confusion is the definition of the energy injection rate. A simple option is to define it as the amount of energy injected per cubic centimeter, but it is often convenient to define it instead in terms of the amount of energy injected per baryon or per hydrogen nucleus. Investigating the energy injection due to dark matter annihilation in the Dark Ages, the authors of [29, hereafter PF] define an energy injection rate
where Q is the comoving energy injection rate per cubic centimeter, and n 0 H is the comoving number density of hydrogen nuclei. In a similar calculation, the authors of [5] implicitly define the energy injection rate due to dark matter annihilation or decay as
where n 0 b is the comoving number density of baryons. Therefore, to compare the two calculations, one must keep in mind the conversion factor between the two energy injection rates:
In our calculations, we adopt the energy injection rate convention of [5] (equation [A4] ) and the helium fraction convention in RECFAST [10] (equation [A1]), so for energy injection rates calculated outside of Recfast and fed into the Recfast evolution equations, we use the conversion ǫ → (1 + 4f
